INTRODUCTION
Metallothionein (MT) plays important roles in resistance to metal toxicity in mammalian cells. Especially, MT plays a critical role in the protection against cadmium (Cd) toxicity. 1) When cells are exposed to Cd, MT synthesis is induced, and the increased MT serves as a scavenger for intracellular Cd ions. MT-null cells derived from MT-null mice are highly sensitive to Cd toxicity. 2, 3) Most Cd-resistant cell lines thus far established have shown enhanced production of MT. 4, 5) However, the presence of high concentrations of MT, which trap cellular Cd ions efficiently, has hindered precise understanding of Cd influx and efflux. In addition to the Cd transport system other Cd resistance factors irrelevant to MT have also been poorly elucidated. Thus the utilization of MT-null cells can give new insights into MT-independent Cd-resistance factors. For that purpose, we have established Cd-resistant cells from MT-null fibroblast cells derived from MT-I and -II knockout mice. 6) The Cd resistance in these cells was conferred by a marked reduction of Cd accumulation. Both the uptake and efflux of Cd were changed in these Cd-resistant cells. 6) Further analyses of the Cd-resistant MT-null cells indicated that the transport system for incorporation of both Cd and manganese (Mn) was not functioning in the Cdresistant cells. 7) Although it was reported that divalent metal transporter 1 (DMT1), the ferrous iron transporter, may participate in the transport of Cd and Mn, the properties of the Cd-resistant MT-null cells suggested the existence of a transport system different from DMT1. However, the entity of the Cduptake transporter that was suppressed in the Cdresistant cells has not yet been clarified. Other non- To understand metallothionein (MT)-independent mechanisms for cadmium (Cd) resistance in mammalian cells, we previously established MT-null Cd-resistant cells from embryonic fibroblast cells of MT-I and -II knockout mice. The Cd resistance of these cells was conferred primarily by a marked reduction of Cd accumulation. To identify genes responsible for Cd resistance as well as Cd transport, we carried out several DNA microarray analyses using cDNAs obtained from two clones of Cd-resistant cells and parental cells. A competitive hybridization of Cy3-and Cy5-probed cDNAs on a DNA chip was carried out with dye-swapping. After a careful examination of the reproducibility and reliability of the data obtained using five different chips, it was found that the expression of 78 genes was enhanced and that of 48 genes was reduced in Cd-resistant cells compared with those in parental cells. These genes include those involved in signal transduction, ubiquitin pathway, and cell-to-cell interactions. Several genes for transporters including solute carrier family transporters and ATP-binding cassette transporters were up-or down-regulated. The examination of mRNA levels using quantitative real-time PCR revealed that the expression of Slc39a14 encoding ZIP14, a member of the zinc transporter ZIP (ZRT-, IRT-like protein) family, was markedly down-regulated in both clones of Cd-resistant cells. Although it is not yet clear whether ZIP14 has the ability to transport Cd, these results suggest that the lowered expression of ZIP14 may be involved in Cd resistance in MT-null cells. 
Characterization of Gene Expression Profiles of
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MATERIALS AND METHODS
Cell Culture ---Cd-resistant MT-null cells (clones A7 and B5), and P cells were established previously. 6) A7, B5, and P cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin, and the media were changed every 2-3 days. It was confirmed that the Cd resistance of A7 and B5 cells was not lost even when cultured in Cd-free media. Preparation of RNAs for DNA Microarray Analysis ---Total RNA was extracted and purified from cells using the SV Total RNA Isolation System (Promega, Madison, WI, U.S.A.). DNA microarray analyses were performed using AceGene Mouse Oligo Chip 30K (Hitachi, Kanagawa, Japan), on which 30000 mouse genes were printed, according to the manufacturer's instructions. In brief, cDNA probes labeled with aminoallyl-dUTP (Ambion, Austin, TX, U.S.A.) were synthesized using Oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer and SuperScript II (Invitrogen, Carlsbad, CA, U.S.A.), and purified using a QIA quick PCR purification kit (Quiagen K. K., Tokyo, Japan). The labeled test and reference cDNA probes were coupled with Cy3-and Cy5-monoreactive dye according to the manufacturer's instructions (Amersham Bioscience Inc., Tokyo, Japan) and were purified using microbio-spin columns (Bio-Rad Laboratories Inc., Tokyo, Japan). The arrays of DNA on the chips were hybridized with the labeled test and reference cDNA probes (cDNA synthesized from 100 µg of total RNA/chip) for 16 hr at 42°C. After being washed with 5 × standard saline citrate (SSC, NaCl 0.3 M, Na-citrate 0.3 M) and 0.1% sodium dodecyl sulfate for 5 min at 30°C, 0.5 × SSC for 5 min at 30°C, and 0.1 × SSC for 5min at 30°C, the chips were hybridized with Lucidea SlidePro (Amersham Biosciences) and scanned with CRBIO IIe (Hitachi Software Engineering, Japan). The digitized image data were processed with DNASIS Array software (Hitachi Software Engineering). The ratios of the intensity of Cy5 to that of Cy3 were calculated. Information on each gene on the chip was obtained from the NCBI database. Determination of mRNA Levels in Real-time Reverse Transcription-PCR ---The same batch of RNA samples used for the DNA microarray was used for the real-time reverse-transcription (RT)-PCR analyses. The RT reaction was performed in a mixture containing Tris-HCl 50 mM, pH 8.3, KCl 70 mM, MgCl 2 3 mM, dithiothreitol 10, 1 mM each of dNTP, 4 units of ribonuclease (RNase) inhibitor, 2 µg of total RNA, 0.5 µM Oligo(dT) 15 primer (Promega), and 5 units of reverse transcriptase in a total volume of 20 µl. The reaction was carried out at 37°C for 1.5 hr. The RT reaction mixtures were used directly for PCR amplification. 8) Quantitative real-time RT-PCR was performed using a TaqMan probe according to the procedure recommended by the manufacturer (Applied Biosystems, Foster City, CA, U.S.A.). For cDNA synthesis, 450 ng of total RNA was used. The forward and reverse primers and TaqMan probes for the ATP binding cassette transporter proteins and solute carrier family proteins were supplied by TaqMan Assay-on-Demand Products (Applied Biosystems). PCR amplifications were always performed using universal temperature cycles: 10 min at 94°C, followed by 35-45 two-temperature cycles (15 sec at 94°C and 1 min at 60°C). Fluorescence of PCR products was detected using an ABI Prism 7300/7500 Sequence Detector System (Applied Biosystems).
RESULTS
In the present study, we checked carefully the reliability and reproducibility of DNA microarray profiles by dye-swapping between Cy3 and Cy5 and by comparisons between two clones of Cd-resistant cells. The expression of Cy3-or Cy5-labeled cDNAs of A7 cells were competitively compared with Cy5-or Cy3-labeled cDNAs of P cells, respectively. Similar comparisons were made for B5 versus P cells with dye-swapping. The comparison between the Cy3-labeled cDNAs from P cells versus the Cy5-labeled cDNAs from B5 cells was performed twice because the results obtained in the first experiment showed relatively high background intensity, and the reproducibility of the data of this chip was much lower than that of other chips. From these five crosslabeled experiments, we selected the gene with high or low expression in Cd-resistant cells according to the following criteria. First, the genes with very low intensity were omitted. Second, the genes showing the ratios (A7/P) of greater than 2.5 or less than 0.4 (1/2.5) on the chip with Cy3-labeled A7 cDNAs and Cy5-labeled P cDNAs were selected because this chip showed the highest reproducibility compared with other chips. Third, the genes that showed the ratios (A7/P, or B5/P) of greater than 2.5 or less than 0.4 on at least two chips were added. As a result, 126 genes with significant changes in expression were identified. The expression of 78 genes was enhanced and that of 48 genes was reduced in Cd-resistant cells compared with those of the P cells. Among these genes, genes with expression ratios of greater than 3.0 and less than 0.33 are listed in Table 1 .
Although these include genes with unknown function, several genes involved in signal transduction, ubiquitin pathway, and cell-to-cell interactions, which have been known to participate in Cd resistance, 9) were enhanced or suppressed. Further studies on the roles of these genes may uncover novel mechanisms for Cd resistance irrelevant to MT.
Among transporter genes, only a few candidate genes were selected as enhanced or suppressed based on by the above-mentioned criteria (Table 1) . However, if the basal expression levels of the genes for metal transporters are low, they could be overlooked in our DNA microarray analyses in which the reliability and reproducibility were examined stringently. Therefore all the data for the transporter genes from five chips were reanalyzed. The transporter genes are categorized into two superfamilies: the solute carrier family (Slc family) and ATP-binding cassette transporter. The expression profiles of all genes in these two families obtained by five analyses are shown in Fig. 1 . We examined the reliability of the changes for all transporter genes again and selected Abcc9, Slc4a2, Slc7a5, Slc15a1, Slc35a1, gesting no role of Abcc9 in Cd excretion. Slc4a2 encodes the sodium-independent chloride/bicarbonate anion exchanger (AE2), which is located widely in the plasma membrane and regulates intracellular pH and chloride, cell volume, and tonicity. 10) Slc7a5 encodes the large neutral amino acid transporter small subunit 2 (LAT 2) that transports neutral amino acid into the cells in the basolateral membrane of kidney proximal tubules and small intestine epithelia. 11) Slc15a1 encodes the H + -coupled low-affinity pepetide transporter (PEPT1). 12) Slc35a1 encodes the cytidine 5′-monophosphate (CMP)-sialic acid transand Slc39a14 as up-regulated or down-regulated genes.
To examine the actual expression levels of these six genes, the mRNA levels of each gene relative to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were quantified in real-time PCR, and compared among A7, B5, and P cells. The changes in mRNA levels of these transporters showed a similar tendency to those obtained in the DNA microarray analyses, except for Slc7a5. Although Abcc9 is a transporter involved in efflux, the mRNA levels of Abcc9 were suppressed in Cd-resistant cells, sug- porter located at the Golgi apparatus. 13) Although expression of these genes was enhanced, it remains to be clarified whether these transporters play any roles in Cd resistance.
As shown in Table 2 , the most prominent change was observed in Slc39a14. The relative mRNA levels of Slc39a14 in the Cd-resistant/P cells were 0.08 and 0.15 in A7 and B5 cells, respectively. Slc39a14 encodes a gene for a zinc (Zn) transporter, ZIP14, a member of the ZIP (ZRT-, IRT-like protein) family. Although it is yet unknown whether ZIP14 can transport Cd in addition to Zn, the suppressed expression of ZIP14 in Cd-resistant cells that showed reduced uptake of Cd suggests that ZIP14 might be a candidate for the Cd transporter, or at least be involved in Cd resistance.
DISCUSSION
In a previous study, we established Cd-resistant cells from MT-null mouse cells and found that Cd accumulation in the resistant cells was markedly lower than in P cells. 6) Further analyses showed that the lowered Cd accumulation in the Cd-resistant cells was caused by the lower uptake and higher excretion of Cd than in P cells. 6) Kinetic studies on Cd uptake suggested the existence of a novel metal transporter with affinities for Cd, Mn, and Zn. 7) However, the metal transporter responsible for the suppressed uptake of Cd has not yet been identified. In the present study, to identify genes responsible for Cd resistance and transport, we carried out a series of DNA microarray analyses using cDNAs obtained from both Cd-resistant and P cells. Several candidate genes were found in the DNA microarray analyses with two clones of resistant cells. Quantitative real-time RT-PCR (Table 2) showed that Slc39a14, the gene for Zn transporter ZIP14, was markedly down-regulated in both clones of Cd-resistant cells. Although the actual contribution of ZIP14 to Cd transport should be examined in a future study, our results suggest that ZIP14 may be involved in Cd resistance in MT-null cells, possibly via the change in Cd transport.
ZIP transporters play major roles in cellular Zn uptake and intracellular Zn mobilization. 14) Recently, three reports have demonstrated that ZIP14 is expressed in mouse tissues and can transport Zn into cells. [15] [16] [17] Liuzzi et al. reported that ZIP14 mRNA was up-regulated by inflammation via the activation of interleukin-6 in the liver, suggesting a role of ZIP14 in inflammatory Zn deficiency. 18) However, no information has yet been available on whether ZIP14 participates in the transport of other metals such as Cd or Mn. The other transporters such as DMT1 (Slc11a2) 19) and ZIP8 (Slc39a8) 20) have been reported to have the ability to transport Cd, but the DNA microarray analysis in the present study did not show any significant changes in the expression of DMT1 or ZIP8 in MT-null Cd-resistant cells. In a previous study, we demonstrated that not only Mn but also Zn competed with Cd for incorporation into P cells via the high-affinity transport system for Cd and Mn. 7) Further studies are now on going to clarify whether other Zn transporters are involved in Cd transport.
In the present study, we conducted the DNA microarray analyses five times to identify changes in the gene expression in Cd-resistant cells strictly and carefully. It was demonstrated that the reproducibility of the microarray data was not high after dye-swapping. One of the reasons for this might be the difference in labeling efficiency between Cy3 and Cy5, especially when the intensity of the signal is low. As shown in Fig. 1 , in some cases opposite results (high in one chip and low in another chip) were obtained for the same gene among the five analyses. However, the comparison of two resistant cell clones, dye-swapping, and a careful examination of the reproducibility and intensity of the signals have enabled us to identify several genes showing significant changes in expression. Among the transporter genes, we selected six candidates from DNA microarrays, and confirmed the actual changes in mRNA levels for five of them using quantitative real-time PCR (Table 2) . Nonetheless, the possibility could not be excluded that more important changes in the gene expression in Cd-resistant cells were overlooked in these analyses.
In conclusion, using a series of DNA microarray analyses and subsequent real-time PCR analyses to assess the molecular concomitants of Cd resistance using two clones of Cd-resistant MT-null cells, we found a marked down-regulation of the Slc39a14 gene in both cell lines. Although the role of Slc39a14 (ZIP14) in Cd transport is yet to be clarified, the present study suggested that the Zn transport system including ZIP14 may be involved in Cd transport or resistance.
